Critical test for Altshuler-Aronov theory: Evolution of the density of states 
singularity in double perovskite Sr 2 FeMo06 with controlled disorder 
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With high-resolution photoemission spectroscopy measurements, the density of states (DOS) near 
the Fermi level (-Ef) of double perovskite S^FeMoOe having different degrees of Fe/Mo antisite 
disorder has been investigated with varying temperature. The DOS near Ef showed a systematic 
depletion with increasing degree of disorder, and recovered with increasing temperature. Altshuler- 
Aronov (AA) theory of disordered metals well explains the dependences of the experimental results. 
Scaling analysis of the spectra provides experimental indication for the functional form of the AA 
DOS singularity. 

PACS numbers: 71.20.-b, 71.23.-k, 71.27. +a, 79.60.-i 
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Disordered electronic systems, which have random po- 
tentials deviating from an ideal crystal, have been inves- 
tigated from both fundamental and application points of 
view Ever since the finding of filling-control metal- 
insulator transitions (MIT) in transition-metal oxides 
known as strongly correlated system, disorder has at- 
tracted even more attention because not only electron- 
electron interaction but also disorder are supposed to 
play fundamentally important roles in the MIT. Altshulcr 
and Aronov Q studied the effect of electron-electron in- 
teraction in a disordered metallic medium, and predicted 
that the density of states (DOS) near the Fermi level 
(E-p) shows a sing ularity of \E - £ F | 1/2 and the DOS at 
Ef increases with increasing temperature in proportion 
to y/T. The theory has been applied to the low tempera- 
ture conductivity of disordered metals such as disordered 
Au and Ag films [H, amorphous alloy Ge^- x Au x and 
transition metal chalcogenide Ni(S,Se)2 @- 

In a previous work, Sarma et al. Q have reported 
photoemission (PES) measurements on B-site disordered 
perovskites LaNii-^M^Oa (M=Mn and Fe), which show 
MIT as a function of x, and shown that the disor- 
der affects the DOS near Ep in such a way that had 
been theoretically predicted by Altshuler and Aronov 
In a similar B-site substituted transition-metal ox- 
ide SrRui-^Ti^Oa, which demonstrates MIT at x ~ 0.3 
(SrRu03 is metallic), the depletion of the DOS near Ef 
has shown an unusual \E — Ef 
metallic and insulating phases 
it is believed that a disorder-induced insulator shows 
a soft Coulomb gap characterized by a (E — Ef) 2 de- 
pendence of the DOS near Ef 
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the unexpected 
dependence of the DOS near Ep related 
to charge density wave has been observed in insulating 
Balr03 It is considered that fine structure in the 

DOS in the vicinity of Ef is sensitive to both the degrees 



of disorder and electron correlation, and therefore experi- 
mental confirmation of a basic theory for disordered elec- 
tronic system such as the Altshuler-Aronov (AA) theory 
is necessary for understanding of the DOS singularity. 
While AA theory makes specific predictions about both 
E and T dependences, photoelectron spectroscopy has 
been used only to probe the E dependence with abso- 
lutely no reference to the T dependence. Therefore, de- 
tailed high-resolution temperature-dependent PES mea- 
surements are also highly desired to verify the AA theory. 

The present paper reports on high-resolution PES 
experiments on the B-site ordered double perovskite 
Sr 2 FeMo0 6 (SFMO), where we have controlled the de- 
gree of Fe/Mo antisite disorder (AD) in the sample prepa- 
ration procedure. Through detailed analysis for the tem- 
perature and degree of disorder dependences of the PES 
spectra near Ep, the results provide experimental confir- 
mation of the AA theory of disordered metals. SFMO 
has been investigated intensively due to the theoreti- 
cal prediction of half-metallic nature and the observa- 
tion of large magnetoresistance under low magnetic fields 
at room temperature fill ]. In this system, there are 
characteristic defects known as Fe/Mo AD at the B- 
site, which remarkably affects the physical properties of 
SFMO [13, 0, Q [H, QJ]. By controlling the degree of 
AD, one can investigate disorder effects in the metal with- 
out changing the chemical composition and other condi- 
tions. 

Polycrystalline SFMO samples having different degrees 
of Fe/Mo AD prepared as follows; First, the samples with 
the highest degree of AD 45% were prepared. Then they 
were annealed at 1173 K, 1673 K, and 1523 K for a pe- 
riod of 5 hours under 2% H2 / Ar to obtain the degrees of 
AD 40%, 25%, and 10%, respectively (SFMO having AD 
50% is the same as ordinary perovskite SrFeo.5Moo.5O3). 
Details of the sample preparation are given in Ref. [12] 
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FIG. 1: Valence-band photo-emission spectra of Sr2FeMo06 
taken at 10 K with He-I radiation, (a) Comparison between 
the spectra taken from the fractured and scraped surfaces. 
The spectra have been normalized to the area from eV to 
0.8 eV (Fe t2 9 |-Mo t2 9 i states), (b) Comparison between 
different degrees of antisite disorder (AD) 10% and 40%. The 
spectra have been normalized to the area from 0.8 eV to 2 
eV (Fe e 9 | states). Top: Background subtraction. The insets 
show enlarged plots near Ep. 
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FIG. 2: Photoemission spectra of Sr2FeMo06 near the Fermi 
level. The spectra have been normalized to the area from 
E B = 0.3 eV to 0.6 eV. (a) Degree of Fe/Mo AD dependence 
at 10 K. (b) Temperature dependence of the AD 10% sample. 
As a reference, Au spectra are also shown. The insets show 
an enlarged plot in the vicinity of Ep. 



and [l3j]. Using x-ray diffraction, the degree of disorder 
was quantified from the intensity of a supercell-refiection 
peak. Scanning electron microscopy in conjunction with 
energy dispersive x-ray analysis revealed no change in 
composition during the annealing. Transport measure- 
ments were performed on the AD 10% and 40% sam- 
ples by a standard four prove technique using a Physi- 
cal Property Measurement System (Quantum Design Co. 
Ltd). PES spectra were recorded using a spectrometer 
equipped with a monochromatized He resonance lamp 
(hv = 21.2 eV), where photoelectrons were collected with 
a Gammadata Scienta SES-100 hemispherical analyzer in 
the angle integrated mode. The total resolution of the 
spectrometer was ~10 meV, and the base pressure was 
l.OxlO™ 8 Pa. Clean surfaces were obtained by repeated 
scraping in situ with a diamond file. The position of Ep 
was determined by measuring PES spectra of evaporated 
gold which was electrically in contact with the sample. 

The line shapes of the PES spectra obtained were al- 
most the same as those in a previous report on single 
crystalline SFMO taken with synchrotron radiation [l7| • 
In order to examine the influence of surface treatment, 
we measured valence-band spectra taken from fractured 
and scraped surfaces. In the binding-energy (Eb) range 
from 2 eV to 10 eV, there were appreciable differences 
such as the sharpness of structures in the O 2p and the 
Fe i2gt bands (not shown), the background intensity, and 
to some extent the Fe e g \ band. On the other hand, 
within ~ 1 eV of E-p, i.e., in the Fe t2 9 i + Mo t^gi conduc- 
tion bands, the line shapes of the fractured and scraped 
samples were similar to each other as shown in Fig. HJa) . 



Since in previous PES studies it has been reported that 
LDA+J7 calculation well explains the valence-band spec- 
tra taken from the fractured surface [13, EH , we consider 
that the different surface treatments have not affected 
the spectra near E-p which reflect the bulk properties. 
In contrast, the spectra are intensively influenced by AD 
and temperature as we shall see below. 

Figure \V[b) shows valence-band spectra for different 
degrees of disorder, i.e., AD 40% and 10%. Although 
the peak due to the localized Fe e g t states was nearly 
identical between AD 10% and AD 40%, there was a 
clear difference in the Fe t2gi~Mo t^gi conduction band 
between the two spectra. This result suggests that the 
disorder influences the DOS near E-p. Figure [2] shows the 
temperature and degree of disorder dependences of the 
spectra near Ep normalized to the area in the region from 
Eb = 0.3 eV to 0.6 eV, in which the spectra were iden- 
tical and independent of the degree of AD as shown in 
Fig. QJb). For a fixed temperature, the intensity of the 
spectra near Ep was depleted with degree of disorder. 
This behavior is consistent with the previous report on 
a disordered metal system LaNii-^Mn^Os 0]. Indeed, 
temperature dependent resistivity measurements on the 
AD 40% sample showed a minimum around 40 K, i.e., the 
resistivity increased with decreasing temperature below 
40 K, while on the AD 10% one there was no minimum 
till the lowest measured temperature (20 K). The obser- 
vations are consistent with previous reports of transport 
measurements on SFMO having various degrees of dis- 
ord erJTrl and on SFMO with high Fe/Mo ordering 
l20l|. For a fixed degree of disorder, the intensity at 
Ep increased with temperature as shown in Fig. [2Kb) . 
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FIG. 3: Scaling analysis for the spectral depletion. Scaled 
spectra as a function of VX (X = jej/fceT 1 ) are plotted on 
a bilogarithmic scale. An analytical form of ip = [X 2 + 
(1.07) 4 ] 1/4 is also plotted. 



This behavior indicates that SFMO differs from normal 
metals such as Au in which PES spectra at various tem- 
peratures have temperature-independent intensity at Ep 
and intersect at Ep irrespective of temperature as shown 
in Fig [DJb) , representing the simple Fermi-Dirac distri- 
bution function. 

Now, we analyze the temperature and degree of disor- 
der dependences of the spectra based on the theory for 
disordered metal suggested by Altshuler and Aronov Q. 
The theory predicted that electron-electron interaction 
accompanied by impurity scattering leads to an anomaly 
in the DOS around E-p and the resulting singular part of 
the DOS ST) is given by 



8V{e) _ Aire 2 1 y/k^T 



<p(X) 



H 2 2V2ir 2 {HD)V 

' Vx 

1.07 + 0{X 2 ) 



2 <p(\e\/k B T), 

(X » 1) 
(X « 1) ' 



(1) 



where T> is the original DOS at Ep, e is the energy mea- 
sured from Ep, 7i is the inverse Debye radius, and D is 
the diffusion coefficient due to impurity scattering. 

In order to see whether experimental spectra satisfy 
Eq. ([1]), we have made the following scaling analysis. 
According to Eq. |T]), the PES spectra I(e,T) near Ep 
should be proportional to T>' + 6T>(e), where T>' is a con- 
stant and T>' < T>o. Therefore, I(e,T) can be parame- 
terized as 



I(e,T)=A + Gy/Wv(J^\ 
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FIG. 4: Results of fitting of the photoemission spectra of 
S^FeMoOe to the analytical curves of Altshuler- Aronov the- 
ory, (a) Fitted spectra for the AD 45% sample at various 
temperatures, (b) Degree of disorder dependence of the val- 
ues of J /a. G/A is also plotted. The dotted line is a guide 
to the eye. (c) Temperature dependence of the DOS at Ef. 
Solid curves demonstrate fitted curves using Eq. (T3J) with pa- 
rameters deduced from the spectral line-shape fitting of panel 
(a). 



where A and G are only dependent on the degree of dis- 
order. (7 - A)/Gy/k B T plotted against X = |e|/fc B T 
should fall onto the same curve if Eq. fl} is valid, and 
can be used to evaluate the functional form of ip if A and 
G are chosen to satisfy the condition that <p(0) — * 1.07 
as e/ksT — > 0. In Fig. [31 the results are plotted on a log- 
arithmic scale, where the PES spectra have been divided 
by the Fermi-Dirac function convoluted with the experi- 
mental resolution estimated from the Au spectra. Notice 
that all the low energy part of the spectra fell onto the 
same curve, which we attribute to the scaling function 
f(X). Deviation from the scaling function tp(X) occurs 
at high energies where the original DOS starts to deviate 
from the constant one. We find that ip(X) approaches 
\[X for X > 1, corresponding to AA theory. The results 
ensure the validness of analysis based on AA theory for 
the depletion of PES spectra near Ep . 

In order to analyze the spectra using Eq. ((T|), we pro- 
pose an analytical form of <p(X) = [X 2 + (1.07) 4 ] 1 ^ 4 inter- 
polating both the limits of large and small X of Eq. |1| . 
This form is shown to accurately reproduce the experi- 
mentally scaling function f(X) deduced above as shown 
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in Fig. [3j Therefore, we employ a model function 

{a + 7 [£ 2 + (1.07) 4 (fc B T) 2 ] 1/4 }.f(4 (3) 

where /(e) is the Fcrmi-Dirac function, a and 7 are fit- 
ting parameters. 7/a depends only on degree of disorder 
and are independent of a way of intensity normalization. 
Figure IUa) shows fitted results for the spectra of the 
AD 45% sample at various temperatures. The fitting 
function given by Eq. ([3]) well reproduced the spectra 
near Ep, where the fitted ranges were chosen to the valid 
range of the scaling function (p(X) as shown in Fig. [3] 21]. 
Figure[4jb) shows the values of the coefficients which rep- 
resent the strength of the DOS singularity as a function 
of disorder. The 7/a value is independent of temperature 
and approximately linearly increases with degree of disor- 
der as shown in Fig.|4jh), indicating that the DOS singu- 
larity near Ep is enhanced with increasing degree of dis- 
order as predicted by AA theory. The constant G will be 
relative to the value of 7. Actually, the G/A value shows 
the same dependence as 7/ a [Fig. 0Jb)]. Equation ([3J as 
a function of X without /, i.e., a + -/[X 2 + (1.07) 4 ] 1 / 4 , 
well reproduced the line shape of the depletion as shown 
in Fig. [3j where the parameters were chosen a = and 
7 = 1 to correspond with the analytical f(X) [22|. The 
result demonstrates validness of our assumption for the 
functional form of <p given by Eq. ([3J). 

Equation ([T]) indicates that the singular contribution 
to the DOS SV/V at E F is proportional to yf. In or- 
der to study the temperature dependence of the DOS at 
Ep , comparison was made between the experimental and 
theoretical SV/T> at E F . The PES intensity (or DOS) 
at Ep is plotted as a function of temperature in Fig.|4jc). 
For a fixed temperature, the DOS at Ep increased with 
decreasing degree of disorder. For a fixed degree of dis- 
order, the DOS at Ep increased with increasing temper- 
ature. According to Eq. {!]), temperature dependence of 
the DOS at Ep is expressed as 

a + 1.077v/feT, (4) 
corresponding Eq. ([3J at e = 0. Using the values of 7/a 



obtained by fitting to the PES spectra, Eq. ((4]) well re- 
produces the temperature-dependence of the DOS at Ep 
as shown in Fig. 0Jc). The result is consistent with theo- 
retically predicted temperature dependence of SV/Vq at 
Ep. It follows from the arguments described above that 
AA theory applies to not only the disorder dependent 
depletion near Ep but also the temperature dependent 
DOS at E F . 

As mentioned above, AA theory treats the scattering 
processes on general ground and does not depend on the 
functional form of the potential of the scattering center. 
This theory can be applied to the case that the mean free 
path of itinerant electrons is larger than or comparable 
with its wave length. 

In conclusion, we have performed high-resolution pho- 
toemission experiments on polycrystalline S^FeMoOg 
samples having different degrees of Fc/Mo antisite dis- 
order. The photoemission spectra near the Fermi level 
depended on degree of the Fe/Mo antisite disorder as 
well as on temperature. The Altshuler-Aronov theory on 
disordered metal well explained both the dependences. 
Scaling analysis for the spectral depletion clarifies the 
functional form of the density of states singularity near 
the Fermi level. We believe that the findings will provide 
an indicator for degrees of disorder and electron-electron 
correlation, and promote spectral analysis for the index 
of the density of states depletion near the Fermi level. 
The present results point to a need for taking into ac- 
count both electron-electron interaction and disorder ef- 
fects for an understanding of the electronic structure of 
metallic correlated electron system. 
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